- 1 - 



CFZ 00110 



IMAGE DISPLAY APPARATUS AND 



HEAD MOUNTED DISPLAY USING IT 



BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to image display 
apparatus and, for example, is suitably applicable to 
head mounted displays (HMDs), goggle type displays, and 
so on using a reflection type liquid crystal display 
element as a display element for displaying image 
information for observation and permitting an observer 
to obseirve an enlarged image of the image information 
displayed on the display element , through an optical 
element appropriately set . 
Related Background Art 

A variety of proposals have been made heretofore 
on head-worn image observation apparatus (image display 
apparatus), so called head mounted displays (HMDs), for 
presenting an enlarged virtual image of image 
information displayed on an image display element such 
as a liquid crystal display or the like. 

Among these, the HMDs using the reflective display 
element were proposed, for example, in Japanese Patent 
Application Laid-open Nos. 7-128614, 11-125791, 11- 
337863.. 2000-10041, and so on. 

The HMDs proposed in these applications are those 
constructed in such structure that light emitted from 




an illumination light source is reflected on a 
reflective liquid crystal display and that the 
reflected light is guided to the eye to permit 
observation of an enlarged image of the image displayed 
on the liquid crystal display. In this structure the 
light travels from the illumination light source via an 
illumination optical system, the reflective liquid 
crystal display, and a display optical system to the 
eye in the order named. In a disclosed embodiment of 
the HMD proposed in the Japanese Patent Application 
Laid-open No. 11-125791, the light from the 
illumination light source directly illuminates the 
reflective liquid crystal display without use of the 
illumination optical system. In this case there is 
also an example in which no shared surface exists 
between the illumination optical system and the display 
optical system. In this structure, in order to prevent 
the light from the illumination light source from being 
eclipsed, a large space is necessary between the 
illumination light source and the reflective liquid 
crystal display, so that the apparatus tends to become 
large in size. In most of the embodiments proposed in 
the other applications , there exists a shared surface 
or shared surfaces between the illumination optical 
system and the display optical system. With existence 
of the shared surface(s), the optical paths of the 
illumination optical system and the display optical 
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system overlap with each other and this facilitates 
reduction of size. However, as the niimber of such 
common surfaces increases, the optical systems become 
more complex and loss of light amount also increases. 
Meanwhile, the inventor proposed a compact display 
optical system for HMD in Japanese Patent Application 
Laid-open No. 7-333551. This application describes the 
reduction of size of the entire apparatus by use of a 
free-form surface prism. Further, the inventor also 
proposed the HMDs including combination of the free- 
form surface prism with the reflective display element 
in Japanese Patent Application Laid-Open Nos. 11- 
125791, 11-337863, and 2000-10041. 

In the field of the image observation apparatus 
such as the HMDs and the like, an important subject has 
been and is to reduce the size and weight of the entire 
apparatus, because the apparatus is mounted on the 
observer's head. In addition, another important 
subject is to permit the observer to well observe the 
image information displayed on the display means . 

When the reflective liquid crystal display element 
is used as an image display device, the illumination 
device for illuminating it needs to be appropriately 
built in the apparatus, in order to decrease the size 
of the entire apparatus. 

For example, when the apparatus is constructed in 
such structure that for illuminating the reflective 




liquid crystal display with the light from the 
illvimination light source, the light travels via a lot 
of reflective and transmissive surfaces or travels 
through a prism body of long optical path lengths , 
there inevitably occurs loss in the amount of the light 
from the illumination light source before arrival at 
the reflective liquid crystal display. Therefore, 
there are desires for HMDs having the display optical 
system and the illumination optical system both being 
compact and causing little loss of light amount. 

An object of the present invention is to provide 
image observation apparatus for permitting an observer 
to observe image information displayed on a display 
means such as a liquid carystal display or the like, 
which realizes reduced loss of light amount while 
accomplishing the reduction of size of the entire 
apparatus and which permits the observer to observe the 
image information with good image quality, by properly 
setting configurations of the illumination optical 
system from the light source means to the display means 
and the display optical system for guiding the light 
from the display means to the observer's eye, and also 
provide head mounted displays using it. 

SUMMARY OF THE INVENTION 

An image display apparatus according to one aspect 
of the present invention is an image display apparatus 




comprising : 

reflective display means; 

illumination light source means for illuminating 
the display means; 

an illumination optical system for guiding light 
from the illumination light source means to the display 
means ; and 

a display optical system for guiding light from 
the display means to an eye of an obsearver, 

wherein the illumination optical system and the 
display optical system share only one surface of 
optical surface A having two functions of transmission 
and reflection with each other, wherein a reference ray 
emitted from the illumination light source means and 
passing a center of an image on the display means and a 
center of the eye is incident from the illumination 
light source means to the optical surface A, is 
reflected under a condition of an angle a(** ) of 20 < a 
< 80 between the entering reference ray and the 
reflected reference ray on the optical surface A, is 
incident substantially normally to the display means , 
is reflected thereby, is transmitted through the 
optical surface A, is reflected by a plurality of 
decentered, reflective curvature surfaces , and 
thereafter is guided to the eye , and the display 
optical system is comprised of an optical member 
comprising the optical surface A and another optical 




member having an optical refracting power, said optical 
members being placed with an air space in between. 

In a further aspect of the above image display- 
apparatus, the optical surface A in the illumination 
optical system is a reflective curvature surface having 
a positive refracting power on a local meridional 
section (a plane including incident light and exit 
light of the reference ray) . 

In a further aspect of the above image display 
apparatus, the illumination light source means is an 
RGB time division light source and the display means 
displays images of R, G, and B in time division in 
synchronism with emission of color light beams of R, G, 
and B from the RGB time division light source. 

In a further aspect of the above image display 
apparatus, an angle ) of incidence to the reflective 
display means, of the reference ray emitted from the 
illumination light source means satisfies the following 
condition: 

-10 < P < 10, 

In a further aspect of the above image display 
apparatus, the display optical system includes two or 
more surfaces with refracting powers differing 
depending upon azimuth angles, and the entire display 
optical system has a positive refracting power. 

In a further aspect of the above image display 
apparatus , in an outermost image on a local meridional 
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section of the display means (a plane including 
incident light and exit light of the reference ray) , an 
F3 eye center ray represents a ray passing the center 
of the eye and an outermost image on the far side from 
the eye, local_fy(F3) is a total focal length in the 
local meridional section of the display optical system 
on the F3 eye center ray, local„f yC (F3 ) is a focal 
length in the local meridional section on a hit point 
of the F3 eye center ray on a transmissive surface C 
with a refracting power closest to the eye, and a ratio 
of the focal lengths satisfies the following condition: 

-0.6 < local_fy(F3)/local„fyC(F3) < -0.1. 

An image display apparatus according to another 
aspect of the present invention is an image display 
apparatus comprising : 

reflective display means; 

illumination light source means for illuminating 
the display means; 

an illumination optical system for guiding light 
from the illumination light source means to the display 
means ; and 

a display optical system for guiding light from 
the display means to an eye of an observer, 

wherein an optical surface A having two functions 
of transmission and reflection, shared between the 
illumination optical system and the display optical 
system, has a curvature on a local meridional section 



(a plane including incident light and exit light of a 
reference ray emitted from the illiimination light 
source means and passing a center of an image on the 
display means and a center of the eye), wherein when 
local„fy represents a focal length in the local 
meridional section of the display optical system and 
local_fyA a focal length in the local meridional 
section of only the optical surface A in the 
illumination optical system, a ratio of the focal 
lengths satisfies the following condition: 
0.1 < local_fyA/local__fy < 1,0, 

wherein rays emitted from the illumination light 
source means are reflected by the optical surface A to 
illuminate the display means and the reflected light 
from the display means is transmitted through the 
optical surface A, is reflected by a plurality of 
reflective surfaces , and thereafter is guided to the 
eye. 

In a further aspect of the above image display 
apparatus, the optical surface A having the two 
functions of transmission and reflection, shared 
between the illumination optical system and the display 
optical system, comprises only one surface. 

In a further aspect of the above image display 
apparatus, the plurality of reflective surfaces in the 
display optical system are decentered curvature 
surfaces . 




In a further aspect of the above Image display 
apparatus, the display optical system is comprised of 
an optical member comprising the optical surface A and 
another optical member having an optical refracting 
power, said optical members being placed with an air 
space in between. 

In a further aspect of the above image display 
apparatus, the illumination light source means is an 
RGB time division light source and the display means 
displays images of R, G, and B in time division in 
synchronism with emission of color light beams of R, G, 
and B from the RGB time division light source. 

In a further aspect of the above image display 
apparatus, the display optical system includes two or 
more surfaces with refracting powers differing 
depending upon azimuth angles, and the entire display 
optical system has a positive refracting power . 

An image display apparatus according to still 
another aspect of the present invention is an image 
display apparatus comprising: 

reflective display means; 

illumination means for illuminating the display 
means ; 

an illumination optical system for guiding light 
from the illumination means to the display means; and 

a display optical system for guiding light from 
the display means toward an observer. 




wherein the illumination optical system and the 
display optical system share an optical surface A 
having two functions of transmission and reflection 
with each other, the optical surface A has a curvature 
on a local meridional section (a plane including 
incident light and exit light of a reference ray 
emitted from the illumination means and passing a 
center of an image on the display means and a center of 
the pupil), a curved surface B is provided on the 
opposite side of the optical surface A to the display 
means, and the optical surface A and optical surface B 
compose a lens body, wherein rays emitted from the 
illumination means are reflected by the optical surface 
A of the lens body to illuminate the display means, and 
the reflected light from the display means is 
transmitted by the optical surface A to enter the lens 
body and then emerge from the optical surface B, is 
then reflected by a plurality of reflective surfaces, 
and thereafter is guided to the pupil to form an 
enlarged image of the image displayed on the display 
means, and wherein when local„ryA represents a radius 
of curvature in the local meridional section, of the 
optical surface A of the lens body in the display 
optical system and local_ryB a radius of curvature in 
the local meridional section, of the curved surface B, 
local_ryA and local_ryB have an identical sign and 
satisfy the following condition: 



0.4 < local_ryA/local_ryB < 2.0. 

In a further aspect of the above image display 
apparatus, the optical surface A having the two 
functions of transmission and reflection, shared 
between the illumination optical system and the display 
optical system, comprises only one surface. 

In a further aspect of the above image display 
apparatus, the reflected light from the display means 
emerge from the lens body and thereafter is reflected 
by a plurality of reflective surfaces being decentered 
curvature surfaces to be guided to the pupil. 

In a further aspect of the above image display 
apparatus, said illumination means is a time division 
light source for emitting a plurality of color light 
beams in time division and the display means displays 
images based on respective color beams in time division 
in synchronism with emission of the color light beams 
from the time division light source. 

In a further aspect of the above image display 
apparatus, the display optical system includes two or 
more surfaces with refracting powers differing 
depending upon azimuth angles, and the entire display 
optical system has a positive refracting power. 

In a further aspect of the above image display 
apparatus, said lens body is comprised of a glass 
member . 

In a further aspect of the above image display 
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apparatus, said optical surface A and said curved 
surface B are cylindrical surfaces . 

In a further aspect of the above image display 
apparatus , said optical surface A is a half mirror of 
metal. 

An image display apparatus according to still 
another aspect of the present invention is an image 
display apparatus comprising: 

reflective display means; 

illumination means for illiominating the display 
means ; 

an illumination optical system for guiding light 
from the illumination means to the display means; and 

a display optical system for guiding light from 
the display means toward an observer, 

wherein the illumination optical system and the 
display optical system share an optical curvature 
surface A having two functions of transmission and 
reflection with each other, a curved surface B is 
provided on the opposite side of the optical curvature 
surface A to the display means, and the optical 
curvature surface A and the curved surface B compose a 
lens body, wherein rays emitted from the illumination 
means are reflected by the optical curvature surface A 
of the lens body to illuminate the display means, and 
the reflected light from the display means is 
transmitted by the optical curvature surface A, is 




incident to the lens body, emerges from the curved . 
surface B, is reflected by a plurality of reflective 
surfaces, and thereafter is guided to the pupil to form 
an enlarged image of the image displayed on the display 
means, wherein in an outermost image on a local 
meridional section of the display means (a plane 
including incident light and exit light of a reference 
ray emitted from the illumination means and passing a 
center of an image on the display means and a center of 
an eye), when an F3 eye center ray represents a ray 
passing the center of the eye and an outermost image 
height F3 on the far side from the eye and when an F2 
eye center ray represents a ray passing the center of 
the eye and an outermost image height F2 on the near 
side to the eye, an optical path length of the F3 eye 
center ray in the lens body in the display optical 
system is longer than that of the F2 eye center ray. 

In a further aspect of the above image display 
apparatus, a curvature in the local meridional section 
of said optical curvature surface A of said lens body 
in said display optical system is larger than a 
curvature in the local meridional section of said 
curved surface B. 

In a further aspect of the above image display 
apparatus, optical path lengths in the lens body in the 
display optical system of eye center rays at respective 
image heights, passing the image heights and the center 



of the eye, on the local meridional section of said 
display means, become gradually longer from said F2 eye 
center ray side to said F3 eye center ray side, 

A head-mounted display according to the present 
invention comprises the image display apparatus 
according to either of the above various aspects . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a cross -sectional view of the major part 
of Embodiment 1 of the present invention; 

Fig. 2 is a cross-sectional view of the major part 
of Embodiment 2 of the present invention; 

Fig. 3 is a cross-sectional view of the major part 
of Embodiment 3 of the present invention; 

Fig. 4 is a cross-sectional view of the major part 
of Embodiment 4 of the present invention ; 

Fig. 5 is a cross-sectional view of the major part 
of Embodiment 5 of the present invention ; 

Fig. 6 is a cross-sectional view of the major part 
of Embodiment 6 of the present invention; 

Fig. 7 is a cross-sectional view of the major part 
of Embodiment 7 of the present invention; 

Fig. 8 is a cross-sectional view of the major part 
of Embodiment 8 of the present invention ; and 

Fig. 9 is a schematic diagram to show the major 
part of an application of the image display apparatus 
of the present invention to the HMD. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 to Fig. 8 are cross-sectional views of the 
major part of Embodiments 1 to 8 of the present 
invention. In the figures reference numeral 1 
designates the pupil position, at which the eye of the 
observer is located. 

Reference numeral 2 denotes a free -form surface 
prism (second optical member), 3 a reflective liquid 
crystal display, 4 an illumination light source, 5 a 
transmissive/ref lective surface (optical surface) with 
a curvature consisting of a half mirror, 7 a boomerang 
type lens (first optical member) including a reflective 
surface 5 and a curved surface 5a, 8 and 9 polarizers, 
10 an illumination prism (first optical member), 11 an 
illumination system correcting prism, and 12 an 
illumination system cemented prism (first optical 
member) comprised of an illumination prism 10 and the 
illumination system correcting prism 11 cemented to 
each other. 

Numeral 17 represents a first free-form surface 
mirror (second optical member) and 18 a second free- 
form surface mirror (second optical member). 

The elements indicated by numerals 4, 5 or by 
numerals 4, 5, 10 constitute one element of the 
illumination optical system and the elements indicated 
by numerals 3, 5, 7, 2 or by numerals 3, 10, 5, 11, 2, 
17, 18 or by numerals 3, 10, 5, 2 or by numerals 3, 5, 



7, 18, 17 constitute one element of the display optical 
system* 

In the present embodiment, in order to decrease 
the loss in the amount of the light from the 
illumination light source 4, the illumination light 
source 4 is set as close to the reflective liquid 
crystal display 3 as possible, thereby decreasing the 
optical path lengths of the illumination optical 
system. When the free-form surface prism 2 is used in 
the display optical system, a member or members making 
the illumination optical system are placed between the 
free-form surface prism 2 and the reflective liquid 
crystal display 3. When the two free-form surface 
mirrors 17, 18 are used in the display optical system 
as illustrated in Fig, 8, a member making the 
illumination optical system is disposed between the 
free-form surface mirror system (17, 18) and the 
reflective liquid crystal display 3. 

Before describing each of the embodiments of the 
present invention, definitions will be described for a 
meridional section, a sagittal section, a local 
meridional section, and a local sagittal section used 
in the present invention. In the definition of the 
conventional systems not adapted for decentered 
systems, when the z-axis is taken along the optical 
axis in a coordinate system at a vertex of each 
surface, a yz section agrees with the general 



meridional section and an xz section with the general 
sagittal section. Since the present invention involves 
the decentered systems, new definitions will be given 
to the local meridional section and the local sagittal 
section adaptable for the decentered systems. The 
local meridional section is defined as a plane 
including incident light and emergent light of a 
reference ray on a hit point (incident point) between 
each surface and a ray passing the center of the image 
on the display means (or the center of the outside 
image in the seethrough case for observation of the 
outside) and the center of the eye (such a ray will be 
referred to as a reference ray) , and the local sagittal 
section as a plane including the hit point and being 
perpendicular to the local meridional section and 
parallel to the meridional section of the coordinate 
system at the vertex of each surface (i.e., the 
ordinary sagittal section) . When the display means is 
of the reflection type, the reference ray is extended 
up to the illumination optical system and to the 
illumination light source and the local meridional 
section and local sagittal section are defined on each 
hit point in the same manner as above. The focal 
length in the local meridional section and the focal 
length in the local sagittal section will be described 
in the section of the embodiments described later. The 
features of the present invention will be described 
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below. 



The embodiments of the present invention will be 
described below* Fig. 1 to Fig. 8 are cross-sectional 
views of optical paths (local meridional sections) in 
Embodiments 1 to 8 of the present invention. 
Embodiments 1 to 5 are examples of a type in which the 
reflective LCD (reflective liquid crystal display) 3 is 
illuminated with almost noarmally incident light, while 
Embodiments 6 to 8 of the present invention are 
examples of a type in which the reflective LCD 3 is 
illuminated with obliquely incident light. It is known 
as characteristics of general liquid crystals (TN 
liquid crystals and others) that light almost normally 
emerging from the liquid crystal display has adequate 
contrast and provides good image quality but the 
contrast and image quality becomes deteriorated as the 
emerging light increases its inclination away from the 
normal . In order to solve it , the apparatus of the 
former type (Embodiments 1 to 5) is arranged to 
illuminate the reflective LCD 3 with the normally 
incident light . The ferroelectric liquid crystals 
(FLCs) and the like have different characteristics that 
the contrast is maintained even with the obliquely 
emerging light at considerably large angles, and thus 
the image can be observed with good quality from almost 
all angles . Thus the apparatus of the latter type 
(Embodiments 6 to 8) is provided on the assumption of 




use of such liquid crystals (PLCs) and arranged to 
reduce the thickness of the entire optical system by 
illuminating the reflective LCD 3 with the obliquely 
incident light and attain good image quality without 
degradation of contrast. It is a matter of course that 
the ferroelectric liquid crystals (FLCs) can be adopted 
in Embodiments 1 to 5. 

In Fig. 1 and Fig. 2 (Embodiments 1, 2) the 
boomerang type lens 7 is placed between the reflective 
LCD 3 (the back surface side of which is a liquid 
crystal plane) and the free-form surface prism 2 
including arbitrary curved surfaces (the lens 7 of the 
shape of Fig. 1 and Fig. 2 on the local meridional 
section will be called the boomerang lens). The light 
emitted from the flat illumination light source 4 
having a plurality of LEDs for each of R, G, and B (red 
light , green light , and blue light ) is converted into 
linearly polarized light by the polarizer 8, the 
linearly polarized light is reflected by the liquid- 
crystal- 3 -side optical surface 5 (half mirror) of the 
boomerang lens 7, and the reflected light is then 
incident to the reflective LCD 3 so that the principal 
rays thereof are incident at angles approximately 
normal (0** ± 10** ) thereto. The light reflected by the 
reflective LCD 3 is then transmitted this time by the 
optical surface 5 and then emerges from the boomerang 
lens 7 to enter the polarizer 9. At this time, since 




the polar-ization direction of the light linearly 
polarized in the polarizer 8 is rotated inside the 
liquid crystal (by OFF or ON of liquid crystal driving 
voltage), the polarizer 9 needs to be set so that its 
transmission direction is aligned with the polarization 
direction of the thus rotated light. In the 
configuration wherein the linear polarization direction 
of the polarizer 9 deviates about 90** from the linear 
polarization direction of the polarizer 8 (the rotation 
of the polarization direction inside the liquid crystal 
is 90* ) , the light linearly polarized in the polarizer 
8 also produces light (ghost light) transmitted without 
being reflected by the optical surface 5 (half mirror) , 
and the polarizer 9 cuts this ghost light, thus 
yielding an added value of preventing the ghost light 
from entering the eye E. When the reflective LCD 3 is 
of a type of display with a single polarizer, not 
illustrated, in the vicinity of the display surface, 
the polarizer 8 and polarizer 9 do not have to be used- 
After emerging from the polarizer 9, the light is then 
incident to an entrance surface 14 of the free-form 
surface prism 2, successively is totally reflected by a 
total reflection surface ( transmissive surface C) 6, is 
reflected by a concave mirror 13, is transmitted this 
time by the total reflection surface (transmissive 
surface C) 6, and then is guided to the pupil 1 where 
the observer's eye is located. This permits the 




observer to observe an enlarged virtual image of the 
image information based on the reflective LCD 3 . In 
Embodiments 1 , 2 , the boomerang lens 7 , in which the 
two surfaces both are curvature surfaces directed in 
the opposite direction to the reflective LCD 3 on the 
local meridional section, is placed opposite to the 
reflective LCD 3, and the ref lective-LCD-3-side surface 
of the boomerang lens 7 is comprised of the optical 
surface (half mirror) 5 whereby the spacing between the 
free-form surface prism 2 and the reflective LCD 3 on 
the lower outermost image (F3) side is set to as short 
a distance as possible on the local meridional section 
of the reflective LCD 3, thus constructing the display 
system (members 3, 1 , 2) in compact structure and the 
illumination system (members 4 , 5 ) in compact structure 
as well . In Embodiment 1 of Fig , 1 the both surfaces 
5, 5a of the boomerang lens 7 are cylindrical surfaces 
(free-form surfaces) having a power only in the 
meridional section, so as to minimize occurrence of 
aberration on the local sagittal section (the section 
normal to the plane of the drawing) and the surfaces 
have no power in the direction of the sagittal section 
or the local sagittal section and thus have no 
curvature in the surface shape in this sectional 
direction, so as to be able to place the reflective LCD 
3 and the optical surface 5 close to each other, thus 
enabling compactif ication of the apparatus. The other 




surface 5a is also of a surface shape close to the 
optical surface 5, so as to cancel occurrence of 
aberration in the boomerang lens 7. It is noted here 
that the cylindrical surface is one of the free-form 
surfaces, because its refracting powers differ 
depending upon azimuth angles, and that in the present 
invention a surface having no power in either the 
sagittal section or the meridional section will be 
called cylindrical surface hereinafter. It is a matter 
of course that an equivalent effect and better optical 
performance are attained if the both surfaces of the 
boomerang lens 7 are free-form surfaces having a weak 
power in the direction of the local sagittal section 
but a strong power in the direction of the local 
meridional section. 

In Embodiment 2 of Fig. 2 the both surfaces 5, 5a 
of the boomerang lens 7 are rotationally symmetric, 
aspherical surfaces. In this configuration the optical 
surface 5 is also provided with a positive power on the 
local sagittal section whereby the size of the light 
source 4 for flat illumination is decreased in the 
direction of the local sagittal section. The other 
surface 5a is also of a surface shape close to the 
optical surface 5, thereby canceling occurrence of 
aberration in the boomerang lens 7 . The lens can also 
be comprised of two surfaces of rotationally symmetric, 
spherical surf aces , but the lens comprised of the both 




surfaces of rotatlonally symmetric, asptierical surfaces 
demonstrates better optical performance. 

The free-form surface prism 2 (common to 
Embodiments 1 to 7) included in the display system of 
the present invention is constructed by employing a 
free -form surface for the concave mirror 13 having the 
main power (positive refracting power) of the free-form 
surface prism, thereby decreasing occurrence of 
decentering aberration on the main power surface. The 
decentering aberration left after the correction by the 
main power surface is corrected for in such a manner 
that the total reflection surface ( transmissive surface 
C) 6 near the main power surface is formed as a free- 
form surface in such a surface shape as to cancel the 
aberration. This configuration alone enables the 
correction of aberration to some extent, but, in order 
to make a balance among whole aberrations , the entrance 
surface 14 near the display means (reflective LCD) 3 is 
also formed as a free-form surface to make a good 
balance among whole aberrations . Since the total 
reflection surface (transmissive surface C) 6 is set 
under the total reflection condition (critical angle 
condition) to totally reflect the light incident at 
angles over the critical angle but transmit the light 
incident at angles below the critical angle, the bright 
display optical system can be constructed theoretically 
with no loss of light amount at all. 
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Fig. 3 and Fig. 4 are cross -sectional views of 
optical paths in Embodiments 3, 4 of the present 
invention. The illumination system prism 10 including 
the optical surface 5 , and the illumination system 
correcting prism 11 are cemented to each other and 
placed between the reflective LCD 3 and the free-form 
surface prism 2. The illumination prism 10 and the 
illumination system correcting prism 11 compose the 
illumination system cemented prism 12 with little power 
on the local meridional and local sagittal sections in 
the display optical system. This configuration can 
achieve good optical performance of the display system, 
because there is little occurrence of aberration due to 
the illumination system cemented prism 12 in the 
display system ( 3 , 10 , 11 , 2 ) . The optical paths are 
such that the light from the flat illumination light 
source 4 is incident to the illumination system prism 
10, the principal rays reflected by the optical surface 
5 (half mirror) are incident almost normally to the 
reflective LCD 3 to be reflected thereby, and the light 
is again incident to the illumination system prism 10, 
is transmitted this time by the optical surface 5 (half 
mirror) , is transmitted by the illumination system 
correcting prism 11, is then incident to the entrance 
surface 14 of the free-form surface prism 2, is totally 
reflected by the surface 6, and is guided via the 
reflective surface 13 and the transmissive surface 6 to 




the eye E. These embodiment use the reflective LCD of 
the single polarizer type not Illustrated. If two 
polarizers are used they are placed at the respective 
angles of the polarization directions described 
previously, immediately after the flat illumination 
light source 4 and immediately before the entrance 
surface 14 of the free-form surface prism 2, as in 
Embodiments 1, 2. In Embodiment 3 the surface 15 of 
the illumination system prism 10 and the surface 16 of 
the illumination system correcting prism 11 both are 
planes and the optical surface 5 at the Junction 
between them is a cylindrical surface. Since the 
cylindrical surface has no power in the direction of 
the sagittal section or the local sagittal section, the 
thickness of the illumination system cemented prism 12 
can be made small. In Embodiment 4 the surface 15 of 
the illumination system prism 10 and the surface 16 of 
the illumination system correcting prism 11 both are 
curved surfaces, so as to cancel the aberration 
produced in the free-form surface prism 2. The optical 
surface 5 at the junction between the two surfaces is a 
rotationally symmetric, aspherical surface having a 
positive power on the local sagittal section, whereby 
the size of the flat illumination light source 4 is 
decreased in the direction of the local sagittal 
section. 

Fig, 5 is a cross -sectional view of optical paths 




in Embodiment 5 of the present invention. 

Fig. 5 shows the structure in which only the 
illumination system prism 10 including the optical 
surface 5 is interposed between the reflective LCD 3 
and the free-form surface prism 2. The optical paths 
are such that the light from the flat illumination 
light source 4 is incident to the illumination system 
prism 10 and is reflected by the optical surface 5 
(half mirror), the principal rays are incident almost 
normally to the reflective LCD 3 to be reflected 
thereby, and the light is again incident to the 
illumination system prism 10, is transmitted this time 
by the optical surface 5 (half mirror), is then 
incident to the entrance surface 14 of the free -form 
surface prism 2, is totally reflected by the surface 6, 
and is guided via the reflective surface 13 and the 
transmissive surface 6 to the eye E . This embodiment 
uses the reflective LCD 3 of the single polarizer type 
not illustrated. If two polarizers are used they are 
placed at the respective angles of the polarization 
directions as described previously, immediately after 
the flat illumination light source 4 and immediately 
before the entrance surface 14 of the free-form surface 
prism 2, as in Embodiments 1, 2. Since this embodiment 
does not necessitate the illumination system correcting 
prism 11 as described in Embodiments 3 , 4 , the spacing 
can be decreased between the free-form surface prism 2 
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and the reflective LCD 3, thus realizing 

compactif ication of the apparatus. The optical surface 
5 is a cylindrical surface with no power on the 
sagittal section, so as to suppress occurrence of 
aberration on the local sagittal section. 

In Fig. 6 and Fig. 7 (Embodiments 6, 7) the 
boomerang lens 7 is placed between the reflective LCD 3 
and the free-form surface prism 2, These embodiments 
are different in structure from Embodiments 1, 2 in 
that angles of incidence of the illumination rays are 
not perpendicular to the reflective LCD 3 and thus the 
illumination is of oblique incidence. 

The light emitted from the light source 4 for flat 
illumination consisting of a plurality of LEDs for each 
of R, G, and B, is converted into linearly polarized 
light in the polarizer 8, and the linearly polarized 
light is reflected by the optical surface 5 (half 
mirror) on the liquid crystal display side of the 
boomerang lens 7 to be obliquely incident to the 
reflective LCD 3. The light reflected into oblique 
directions by the reflective LCD 3 is transmitted this 
time by the optical surface 5, emerges from the 
boomerang lens 7 , and enters the polarizer 9 . Since at 
this time the polarization direction of the light 
linearly polarized in the polarizer 8 is rotated inside 
the liquid crystal (by OFF or ON of liquid crystal 
driving voltage), the polarizer 9 needs to be set so 
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that its transmission direction is aligned with the 
polarization direction of the thus rotated light. 

When the linear polarization direction of the 
polarizer 9 deviates about 90** from the linear 
polarization direction of the polarizer 8 (when the 
rotation of the polarization direction in the liquid 
crystal is 90* ) , the light linearly polarized in the 
polarizer 8 also produces the light (ghost light) 
transmitted without being reflected by the optical 
surface 5 (half mirror) and the polarizer 9 cuts this 
ghost light, thus yielding the added value of 
preventing the ghost light from entering the eye E. 

When the reflective LCD 3 is of the type of 
display with a single polarizer, not illustrated, near 
the display surface side, the polarizer 8 and polarizer 
9 do not have to be used- After emerging from the 
polarizer 9 , the light is incident to the entrance 
surface 14 of the free-form surface prism 2, then is 
totally reflected by the total reflection surface 
{ transmissive surface C) 6, is reflected by the concave 
mirror 13, is transmitted this time by the total 
reflection surface (transmissive surface C) 6, and is 
then guided to the eye 1 . 

In Embodiments 6, 7, the boomerang lens 7 
consisting of the two surfaces of curvature surfaces 
directed in the opposite direction to the reflective 
LCD 3 on the local meridional section is placed 




opposite to the reflective LCD 3 and the reflective- 
LCD-side surface of the boomerang lens 7 is the optical 
surface 5 (half mirror) , whereby the spacing between 
the free- form surface prism 2 and the reflective LCD 3 
on the lower outeirmost image (F3) side is made as short 
as possible on the local meridional section of the 
reflective LCD 3, thereby constructing the display 
system (3, 7, 2) in compact structure and the 
illumination system (4, 5) in compact structure as 
well. 

Since the illumination with obliquely incident 
light permits a tilt decentering amount (in the 
clockwise rotation direction) to be set large on the 
local meridional section of the reflective LCD 3, the 
reflective LCD 3 can be constructed with a small 
projection amount, thus permitting decrease in the 
thickness of the entire optical system. In Embodiments 
6, 7 the both surfaces 5, 5a of the boomerang lens 7 
are cylindrical surfaces having a power only in the 
meridional section, so as to minimize occurrence of 
aberration on the local sagittal section, and they have 
no power in the direction of the sagittal section or 
the local sagittal section and have the surface shape 
without curvature in this sectional direction, so as to 
permit the reflective LCD 3 and the optical surface 5 
to be placed close to each other, thus facilitating 
both compactif ication and increase of angle of view. 




The other surface 5a is also of a surface shape 
close to the optical surface 5, thereby canceling 
occurrence of aberration in the boomerang lens 7. It 
is a matter of course that an equivalent effect and 
better optical performance can be attained by use of a 
free- form surface having a weak power in the direction 
of the local sagittal section and a strong power in the 
direction of the local meridional section. In 
Embodiment 7, the optical surface 5 (cylindrical 
surface) of the boomerang lens 7 has a gentler 
curvature on the local meridional section than that in 
Embodiment 6, whereby the reflective LCD 3 is 
adequately prevented from interfering with the flat 
illumination light source 4 . 

Fig. 8 (Embodiment 8) shows the structure using 
the two free-form surface mirrors 17, 18. In the 
present embodiment the boomerang lens 7 is placed in 
the optical paths between the reflective LCD 3 and the 
free-form surface mirror 18. 

Just as in Embodiment 6, the angles of incidence 
of the illumination rays to the reflective LCD 3 are of 
oblique incidence. The light emitted from the light 
source 4 for flat illumination consisting of a 
plurality of LEDs for each of R, G, and B is converted 
into linearly polarized light in the polarizer 8. is 
then reflected by the optical surface 5 (half mirror) 
on the liquid crystal display side of the boomerang 



lens 7, is obliquely incident to the reflective LCD 3, 
and is reflected into oblique directions by the 
reflective LCD 3 , and the reflected light is then 
transmitted this time by the optical surface 5, emerges 
from the boomerang lens 7, and then enters the 
polarizer 9 . 

Since at this time the polarization direction of 
the light linearly polarized in the polarizer 8 rotates 
inside the liquid crystal by OFF or ON of liquid 
crystal driving voltage), the polarizer 9 needs to be 
set so that the transmission direction thereof is 
aligned with the polarization direction of the thus 
rotated light . When the linear polarization direction 
of the polarizer 9 deviates about 90** from the linear 
polarization direction of the polarizer 8 (when the 
rotation of the polarization direction inside the 
liquid crystal is 90** ) , the light linearly polarized in 
the polarizer 8 also produces the light (ghost light) 
transmitted without being reflected by the optical 
surface 5 ( half mirror ) and the polarizer 9 cuts this 
ghost light, thus presenting the added value of 
preventing the ghost light from entering the pupil of 
the eye. When the reflective LCD 3 is of the type of 
display with a single polarizer, not illustrated, near 
the display surface side, the polarizer 8 and polarizer 
9 become unnecessary . 

After emerging from the polarizer 9, the light is 




incident to the free-form surface mirror 8 having a 
half mirror surface 18a to be reflected thereby, and 
the reflected light is again reflected by another free- 
form surface mirror 17, is then transmitted by the 
free-form surface mirror 18 having the half mirror 
surface 18a, and is guided to the eye 1. In Embodiment 
8, the boomerang lens 7 with the both surfaces of 
curvature surfaces directed in the opposite direction 
to the reflective LCD 3 on the local meridional section 
is placed opposite to the reflective LCD 3 and the 
ref lective-LCD-3-side surface of the boomerang lens 7 
is the optical surface 5 (half mirror) whereby the 
spacing between the free-form surface mirrors 17, 18 
and the reflective LCD 3 on the lower outermost image 
(F3) side is set as short as possible on the local 
meridional section of the reflective LCD 3, thereby 
constructing the display system (3, 7, 17, 18) in 
compact structure and the illumination system (4, 5) in 
compact structure as well- Since the illumination with 
the obliquely incident light permits the tilt 
decentering amount (in the clockwise rotation 
direction) to be set large on the local meridional 
section of the reflective LCD 3, the reflective LCD 3 
can be constructed with a small projection amount, thus 
realizing the decrease of thickness of the entire 
optical system. 

In Embodiments 8 the both surfaces (5, 5a) of the 



boomerang lens 7 are cylindrical surfaces having a 
power only in the meridional section, so as to minimize 
occurrence of aberration on the local sagittal section, 
and they have no power in the direction of the sagittal 
section or the local sagittal section and have the 
surface shape without curvature in this sectional 
direction, whereby the reflective LCD 3 and the optical 
surface 5 can be set close to each other, thus enabling 
compactif ication of the apparatus. The other surface 
5a is also of a surface shape close to the optical 
surface 5, thereby canceling occurrence of aberration 
in the boomerang lens 7. It is a matter of course that 
an equivalent effect and better optical performance can 
be attained by use of a free- form surface having a weak 
power in the direction of the local sagittal section 
but a strong power in the direction of the local 
meridional section . 

In an image display apparatus according to one 
aspect of the present invention, the illumination 
optical system and the display optical system share 
only one optical surface A having the both functions of 
transmission and reflection with each other, a 
reference ray is defined as a ray emitted from the 
illumination means and passing the center of the image 
of the display means and the center of the pupils and 
an angle a is defined as an angle between an entering 
reference ray upon incidence of the reference ray to 



the optical surface A from the illumination means and a 
reflected reference ray upon reflection thereof. Then 
the angle a (degrees) satisfies the following 
condition: 

20** < a < 80° (1) • 

In one aspect of the present invention, the 
illumination optical system and the display optical 
system share only one surface of the optical surface A 
(half mirror) having the both functions of transmission 
and reflection, so as to reduce the loss of light 
amount from the illumination light source to the 
reflective liquid crystal display, and Condition (1) is 
met, so as to enhance the contrast of image quality and 
achieve the compact illumination optical system. Below 
the lower limit of Condition ( 1 ) , because the emerging 
light from the liquid crystal display is almost 
perpendicular, the liquid crystal display interferes 
with the illumination light source, which makes 
construction of the optical system difficult. Above 
the upper limit, the illumination optical system 
becomes projected toward the eye side to increase the 
thickness. As for the display optical system, the 
thickness of the display optical system is decreased by 
a configuration in which the light from the reflective 
liquid crystal display is transmitted by the optical 
surface 5 of the half mirror and in which the rays are 
folded by a plurality of decentered, reflective 



curvature surfaces. More preferably, it is desirable 
to set the numerical range of Condition (1) to the 
following range. 



By meeting this condition, an adequate space can be 
secured for preventing the liquid crystal display from 
interfering with the illumination light source if a is 
above the lower limit , while the thickness of the 
illvimination optical system can be further decreased if 
a is below the upper limit . 

An air space is secured between an optical member 
(first optical member) including the optical surface 5 
in the display optical system and another optical 
member (second optical member) having an optical 
refracting power, whereby a polarizer can be interposed 
in this space. In many use methods of the reflective 
liquid crystal displays at present, one polarizer is 
placed in the illumination optical system while another 
polarizer in the display optical system. In the 
display optical system, however, since the region 
between the reflective liquid crystal display and the 
polarizer in the display optical system is in the 
optical relation of parallel Nicols , it is not 
preferable to interpose a material with strong 
birefringence between them, because the observer 
observes photoelasticity of the material. Even if a 
material with weak birefringence is placed and if the 



40 < a < 70 



(la) 
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material has long path lengths , the observer will also 
observe the photoelasticity of the material. In the 
arrangement of the polarizer for the display optical 
system at the aforementioned position, since the path 
lengths are short because of the interposition of only 
the optical member including the optical surface 5, it 
becomes possible to use glass without birefringence or 
even a mold material with weak birefringence. The 
other optical member having the optical refracting 
power can be made of any material, because it is not 
involved in the parallel Nicols. 

It is desirable to place the illumination light 
source and the eye (pupil position) in almost imaging 
relation (Kohler illumination) . This arrangement 
realizes the highest light utilization efficiency. 

In the normal incidence illumination systems 
presented in Embodiments 1 to 5 , the angle p (degrees) 
of incidence of the reference ray emitted from the 
illumination light source, into the reflective display 
means is preferably set in the following range: 



Outside this range the contrast of the liquid 
crystal image degrades and it becomes difficult to 
attain good image quality. Moreover, the numerical 
range of Condition (2) is preferably set to the 
following range: 



-10 < p < 10 



(2) . 



-5 < p < 5 



(2a) . 
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This can attain good image quality one rank up with 
little contrast degradation. 

Let an F3 eye center ray represent a ray passing 
the center of the eye and the outermost image on the 
far side from the eye, in the outermost image on the 
local meridional section of the display means , 
local_fy(F3) be a total focal length in the local 
meridional section of the entire display optical system 
on the F3 eye center ray, and local_fyC(F3 ) be a focal 
length in the local meridional section on a hit point 
of the F3 eye center ray in the transmissive surface C 
with refracting power closest to the eye. Then the 
apparatus is arranged to satisfy the following 
condition : 

-0.6 < local_fy(F3)/local_fyC(F3) < -0.1 (3). 
Below the lower limit, the negative power becomes too 
strong on the hit point of the F3 eye center ray on the 
transmissive surface C and the surface shape of the 
transmissive surface C becomes largely curved toward 
the eye side, thus increasing the thickness of the 
display optical system. Above the upper limit, 
conversely, the negative power becomes too weak on the 
hit point- The power layout of the surfaces on the F3 
eye center ray is a retro-type power layout in which 
the transmissive surface C has a strong negative power 
on this hit point . This power layout enables the 
liquid crystal display to be placed at the farthest 
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possible position on the F3 eye center ray so that the 
optical surface A of the Illumination optical system 
can be placed. Accordingly, the negative power at this 
point becomes too weak In the range above the upper 
limit and there Is no space for the Interposition of 
the optical surface A of the Illumination optical 
system. The upper limit Is more preferably set to 
satisfy the following value. 

-0.6 < local_fy(F3)/local_fyC(F3) < -0.25 (3a) 

This ensures an adequate space for the 
Interposition of the optical surface 5 of the 
Illumination optical system. 

In another aspect of the Image display apparatus 
of the present Invention, the Illumination optical 
system and the display optical system share the optical 
surface A having the both functions of transmission and 
reflection with each other; the optical surface A has a 
curvature on the local meridional section (the plane 
including the Incident light and emergent light of the 
reference ray emitted from the Illumination means and 
passing the center of the image of the display means 
and the center of the pupil); the apparatus satisfies 
the following condition: 

0.1 < local_fyA/local„fy < 1.0 (4), 
where local_fy is a focal length in the local 
meridional section of the display optical system and 
local_fyA is a focal length in the local meridional 
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section of only the optical surface A in the 
illiomination optical system; the rays emitted from the 
illumination means illuminate the display means via the 
illumination optical system using the optical surface A 
as a reflective surface; and the reflected light from 
the display means is transmitted by the optical surface 
A, is reflected by a plurality of reflective surfaces, 
and thereafter is guided to the eye. 

The display optical system herein is an optical 
system from the reflective liquid crystal display 3 as 
a display means to the surface immediately before the 
eye E. The illumination optical system is an optical 
system from the illumination light source 4 to the 
surface immediately before the display means 
(reflective liquid crystal display) 3. The focal 
length in the local meridional section will be 
described in the section of the embodiments. 

The optical surface 5(A) is a half mirror. Below 
the lower limit of Condition ( 4 ) , the power of the 
optical surface A in the illumination optical system 
becomes too strong when the light from the illumination 
light source illuminates the reflective liquid crystal 
display 3 almost normally as illustrated in Fig. 1. In 
this shape the depression of the optical surface A of 
the concave mirror becomes deep and thus the spacing 
needs to be set long between the liquid crystal surface 
and the optical surface A on the reference ray, thus 




increasing the size of the apparatus in this direction. 
Above the upper limit, the power of the optical surface 
A becomes too weak when the light from the illumination 
light source illuminates the reflective liquid crystal 
display in oblique incidence thereto as illustrated in 
Fig. 6. It thus becomes necessary to use a large light 
source for flat illumination (flat illumination light 
source) and place the flat illumination light source 
apart from the optical surface A, thus increasing the 
size of the apparatus- If the distance is maintained 
between the flat illumination light source and the 
optical surface A, the imaging relation (Kohler 
illumination) between the flat illumination light 
source and the eye will be deteriorated, thus dropping 
the light utilization efficiency. Either of these 
inconveniences will occur in the range over the upper 
limit. The upper limit is preferably set to satisfy 
the following condition: 

0.1 < local_fyA/local_fy < 0.85 (4a). 

In this range the flat illumination light source 
is not so apart from the optical surface A and the 
well-balanced imaging relation is achieved with little 
deterioration of the imaging relation (Kohler 
illumination) between the flat illumination light 
source and the eye. The optical surface A in the 
illumination optical system is a reflective curvature 
surface with a positive refracting power on the local 



\ 




meridional section. Since this enables the positive 
reflective curvature surface to enlarge the 
illumination light source and illuminate the reflective 
liquid crystal display, a small illumination light 
source is applicable, so that the illumination optical 
system itself can be constructed in compact structure. 
It is desirable to increase the light utilization 
efficiency by keeping the illumination light source and 
the eye in almost imaging relation (Kohler 
illumination) as much as possible. 

In the present invention, the illumination optical 
system may consist of a plurality of such optical 
surfaces A having power, but the configuration with 
only one surface can decrease the optical path lengths 
from the illumination light source to the reflective 
liquid crystal display, thus enabling compactif ication 
of the apparatus . 

As for the display optical system, the light from 
the reflective liquid crystal display is transmitted by 
the optical surface A of the half mirror and the rays 
are folded by a plurality of reflective surfaces, thus 
decreasing the thickness of the display optical system . 
When the plurality of reflective surfaces are 
decentered curvature surfaces , there is no need for use 
of a separate refracting lens or the like, because the 
plurality of reflective surfaces themselves have power. 
In addition, a compact display optical system can be 




constructed by adequately setting the decenterlng 
amounts of the reflective curvature surfaces . 

In a further aspect of the Image display apparatus 
of the present Invention, the apparatus has the 
reflective display means; the Illumination optical 
system and the display optical system share the optical 
surface A{5) having the both functions of transmission 
and reflection with each other and the optical surface 
A(5) has a curvature on the local meridional section 
(the plane Including the Incident light and emergent 
light of the reference ray emitted from the 
Illumination light source means and passing the center 
of the Image of the display means and the center of the 
eye); there exists a lens body having another curved 
surface B{5a) on the opposite side of the optical 
surface A to the display means; the rays emitted from 
the Illumination light source means are reflected by 
the optical surface A of the lens body (boomerang lens) 
to Illuminate the display means, the reflected light 
from the display means Is transmitted this time by the 
optical surface A to emerge from the lens body 
(boomerang lens), the light Is then reflected by a 
plurality of reflective surfaces, and thereafter the 
light Is guided to the eye to form an enlarged Image of 
the Image displayed on the display means; where 
local_ryA represents a radius of curvature In the local 
meridional section at a point of Intersection with the 
reference ray on the optical surface A of the lens body 




(boomerang lens) in the display optical system and 
local_ryB a radius of curvature in the local meridional 
section at a point of intersection with the reference 
ray on the other curved surface B, local_ryA and 
local_ryB have the same sign and satisfy the following 
condition : 

0.4 < local_ryA/local_ryB < 2.0 (5). 
The display optical system herein consists of the 
members placed in the optical paths from the reflective 
liquid crystal display of the display means to the 
surface immediately before the eye. The illumination 
optical system consists of the members placed in the 
optical paths from the illumination light source to the 
surface immediately before the display means 
(reflective liquid crystal display). The radii of 
curvatures in the local meridional section will be 
described in the section hereinafter. 

Below the lower limit of Condition (5), the lens 
body (boomerang lens) consisting of the optical surface 
A and the curved surface B increases its thickness at 
the edge on the outermost image height F3 side of the 
far side from the eye, in the outermost image on the 
local meridional section of the display means. Above 
the upper limit, the lens body (boomerang lens) 
consisting of the optical surface A and the curved 
surface B decreases its thickness at the edge on the 
eye side in the oblique incidence illumination system 
as in Embodiments 6 to 8, and thus the lens body 
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(boomerang lens) has to be constructed in Increased 
thickness as a whole . Thus the apparatus tends to 
increase its size. 

Since the lens body (boomerang lens) in 
Embodiments 1 to 5 (the noarmal incidence illumination 
systems) has the size shorter than that of the oblique 
incidence illumination systems (i.e., since the length 
in the longitudinal direction in the YZ section is 
shorter than that of the oblique incidence illumination 
systems), the upper limit of Condition (5) is 
preferably set as in Eq. (5a) below. Over the upper 
limit of 1.3 of this condition, the edge thickness on 
the eye side becomes too small. 

0.4 < local_ryA/local_ryB < 1.3 (5a) 

Although the image display apparatus of the 
present invention may include a plurality of such 
optical surfaces A having the power, the construction 
with only one surface can decrease the optical path 
lengths from the illumination light source to the 
reflective liquid crystal display and thus facilitates 
the compactif ication of the apparatus. 

As for the display optical system, the light from 
the reflective liquid crystal display is transmitted by 
the optical surface A of the half mirror and the 
optical surface B and the rays are folded by a 
plurality of reflective surfaces (6, 13), thereby 
decreasing the thickness of the display optical system 



in the horizontal direction. When the plurality of 
reflective surfaces are decentered curvature surfaces, 
there is no need for use of a separate refracting lens 
or the like, because the plurality of reflective 
surfaces themselves have the power. In addition, the 
compact display optical system can be attained by 
properly setting the decentering amounts of the 
reflective curvature surfaces. The lens body 7 may be 
of non power under the condition of ryA = ryB. 

The image display apparatus of the present 
invention has the reflective display means, the 
illumination light source means, the illumination 
optical system, and the display optical system; there 
exists a lens body having an optical curvature surface 
A having the both functions of transmission and 
reflection, shared between the illumination optical 
system and the display optical system, and another 
curved surface B on the opposite side of the optical 
curvature surface A to the display means; the rays 
emitted from the illumination light source means are 
reflected by the optical curvature surface A of the 
lens body to illuminate the display means , the 
reflected light from the display means is transmitted 
this time by the optical curvature surface A to emerge 
from the lens body, the emerging light is reflected by 
a plurality of reflective surfaces, and thereafter the 
light is guided to the eye to form an enlarged image. 



In this structure, in the outermost image on the 
local meridional section of the display means (the 
plane including the incident light and emergent light 
of the reference ray emitted from the illumination 
light source means and passing the center of the image 
of the display means and the center of the eye), an F3 
eye center ray represents a ray passing the center of 
the eye and the outermost image height F3 on the far 
side from the eye and an F2 eye center ray represents 
ray passing the center of the eye and the outermost 
image height F2 on the near side to the eye; then the 
optical path length of the F3 eye center ray is set 
longer than that of the F2 eye center ray in the lens 
body in the display optical system. 

In general, in the case of the display optical 
system consisting of only the free-form surface prism 
and the reflective LCD, it becomes difficult to ensure 
an adequate space ( back focus ) between the free - form 
surface prism and the LCD on the F3 image height side 
as the angle of view of the free-form surface prism 
becomes wider. 

For the reflective LCD , the lens body (boomerang 
lens) needs to be interposed in this space. When the 
thickness of the lens body (boomerang lens) on the F3 
image height side is larger than the thickness of the 
lens body ( boomerang lens ) on the F2 image height side 
the back focus on the F3 image height side becomes 



shorter as to reduced back focuses In air of the 
spacing between the free-form surface prism and the 
LCD, which facilitates attainment of good optical 
performance at wide angles of view. By employing the 
lens body of such thicknesses, it becomes easier to 
arrange the reflective LCD surface and the entrance 
surface of the free -form surface prism in parallel and 
the telecentric optical system is established to the 
reflective LCD (as to the F3 image height and F2 image 
height), which is most suitable for the optical system 
of normal incidence illumination. 

In the image display apparatus according to the 
present invention, it becomes feasible to further 
decrease the size of the entire apparatus and permit 
the observer to observe the image information in a good 
condition, by employing further aspects described 
below. 

The illumination light source means is an RGB time 
division light source for emitting multiple-color light 
beams of red, green, blue, etc. in time division, and 
the display means is a display for displaying images of 
R, G, and B in time division in synchronism with 
emission of the R, G, B color light beams from the RGB 
time division light source. 

In general, for color display of a filter method, 
a color filter of three colors of R, G, and B is placed 
in front of the liquid crystal, and thus the number of 
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actual color display pixels is one third of the total 
nvunber of pixels. In contrast, when the reflective 
liquid crystal display of time division display as 
described is used in combination with the LEDs of the 
three colors (R, G, and B) , the total number of pixels 
becomes one third of that of the color filter type 
liquid crystal display and thus the size of the liquid 
crystal display becomes smaller if the number of color 
display pixels is the same. In connection therewith, 
the illumination optical system and the display optical 
system both can be constructed in smaller size. 

In an optical system having a decentered, 
reflective curvature surface , there occurs decent ering 
aberration rotationally asymmetric in the screen. 
Therefore , the display optical system includes two or 
more surfaces with refracting powers differing 
depending upon azimuth angles and the entire display 
optical system has a positive refracting power. 

By employing the surface (free-foirm surface) with 
refracting powers differing depending upon azimuth 
angles , it becomes feasible to correct the rotationally 
asymmetric decentering aberration. By using two or 
more free -form surfaces , it becomes feasible to 
approximately equate the positive total focal lengths 
on the local meridional section and on the local 
sagittal section of the display optical system with 
each other and implement enlargement projection at the 
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same ratio as the aspect ratio of the liquid crystal 
display. 

It is preferable to make the lens body (boomerang 
lens) of a glass member. In many use methods of the 
reflective liquid crystal displays at present, one 
polarizer 1 is placed in the illumination optical 
system and another polarizer 2 is in the display 
optical system. However, since the region between the 
reflective liquid crystal display and the polarizer in 
the display optical system is in the optical relation 
of parallel Nicols in the display optical system, it is 
not preferable to place a material with strong 
birefringence in this region, because the observer 
observes the photoelasticity of the material. 

The lens body (boomerang lens) is interposed in 
this region. When the lens body is made of the glass 
member, the lens body has no birefringence at all, the 
observer will not observe the photoelasticity of the 
material, and thus the apparatus can provide a good 
image of the display system. 

It is preferable to employ a cylindrical surface 
having a power only in the meridional section as the 
optical surface A of the lens body. Since this 
configuration has no power in the direction of the 
sagittal section or the local sagittal section, 
occurrence of aberration can be minimized on the local 
sagittal section. Since the surface shape is not 
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curved ±n the direction of the sagittal section or the 
local sagittal section, the reflective LCD 3 can be 
placed close to the optical surface A, which 
facilitates the compactif ication and the increase of 
the angle of view . 

It is also preferable to employ a cylindrical 
surface as the other curved surface B of the lens body, 
similar to the optical surface A. This facilitates 
suppression of aberration occurrence in the lens body 
(boomerang lens) in the display optical system. 

It is preferable to employ a half mirror of metal 
as the optical surface A of the lens body. The reason 
is as follows. If a half mirror of a multilayer 
dielectric film is used, the reflectances of the P- 
polarized light and the S-polarized light are different 
from each other and a retardation occurs in either of 
the two polarizations . The light from the illumination 
light source is converted into the linearly polarized 
light by the polarizer 1 and the linearly polarized 
light is reflected by the optical surface A. Depending 
upon angles of incidence to the optical surface A, the 
linearly polarized light is changed to elliptically 
polarized light upon the reflection on the optical 
surface A. After such elliptically polarized light is 
reflected by the reflective LCD, the polarizer fails to 
adequately cut the unwanted light, which will result in 
degrading the contrast of the display optical system. 



However, the use of the metal half mirror can avoid 
such inconvenience and thus attain good image quality. 

In the display optical system the curvature in the 
local meridional section of the optical curvature 
surface A of the lens body is preferably stronger than 
the curvature in the local meridional section of the 
other curved surface B. Namely, the radius of the 
curvature of the optical curvature surface A is 
preferably shorter than the radius of the curvature of 
the curved surface B, This configuration can increase 
the thickness on the F3 image height side and also 
decrease the size of the illumination optical system. 

It is preferable to arrange so that the optical 
path lengths in the lens body in the display optical 
system of eye center rays at respective image heights, 
which pass the image heights and the center of the eye, 
on the local meridional section of the display means, 
become gradually longer from the F2 eye center ray side 
to the F3 eye center ray side. This makes it easier to 
establish the telecentric optical system at all the 
image heights and makes the optical system more 
suitable for the normal incidence illumination. 

The local -paraxial axis used in each embodiment of 
the present invention will be described below. Fig. 1 
to Fig. 8 are the cross -sectional views of the main 
part of Numerical Examples 1 to 8 , described 
hereinafter, of the present invention (views in the 
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local meridional section, with a suffix of y) , and the 
coordinate system at the vertex of surface for the 
first surface (eye 1) Is presented In Fig. 1. Since In 
the present Invention a vertex of each surface has only 
a shift In the y-axls direction and a tilt about the x- 
axls, the general meridional section and the local 
meridional section are Identical , but the general 
sagittal section and the local sagittal section of each 
surface are different. The general meridional section 
and sagittal section described previously are the 
definitions on the general-paraxlal axis, and the local 
meridional section and local sagittal section are the 
definitions on the local-paraxlal axis described below. 
Further, definitions will also be described below for 
local curvature radius, local surface spacing, local 
focal length, and local refracting power adapted for 
the decentered systems . 

In the present Invention, the reference ray La is 
defined as a ray emitted from the illumination light 
source means 4 and passing the image center 3a of the 
display means 3 and the center la of the eye 1, and the 
local curvature radius , local surface spacing , local 
focal length, and local refracting power on the basis 
of a hit point (incidence point) of the reference ray 
on each surface are used instead of the general radius 
of curvature , surface spacing , focal length , and 
refracting power on the basis of a vertex of each 




/ 



surface. 

The local curvature radius herein means a local 
radius of curvature on a hit point in an optical 
surface (a radius of curvature on the local meridional 
section or a radius of cuarvature on the local sagittal 
section) . The local surface spacing means a value of 
distance (distance on the reference ray; a value 
without reduction to air) between two hit points in a 
surface of interest and in a subsequent surface. The 
local focal length is a value calculated by the 
conventional focal length calculating method (paraxial 
tracing) from the local curvature radius, the 
refractive indices before and after a surface of 
interest, and the local surface spacing. The local 
refracting power is an inverse of the local focal 
length. 

Presented in each embodiment of the present 
invention are the general curvature radii, surface 
spacings , decentering amounts, refractive indices, and 
Abbe's numbers, and the local curvature radii, 
refractive indices of surfaces, local surface spacings, 
and local focal lengths. 

Eight embodiments are presented according to the 
present invention. Numerical data of Embodiments 1 to 
8 is presented in Table 1 to Table S and the optical 
path sectional diagrams in Figs. 1 to 8 . In Table 1 to 
Table 8, under the section of (general -paraxial axis) 



there are provided columns of the radius ry of 
curvature in the meridional section, the radius rx of 
curvature in the sagittal section, the surface spacing 
d (in the direction parallel to the vertex coordinate 
system of the first surface), the decentering amounts 
(a parallel decentering amount as shift and an 
inclination decentering amount as tilt^** ^ of a vertex of 
each surface relative to the vertex coordinate system 
of the first surface, on the meridional section), the 
refractive index nd for d-line, and the Abbe's number 
vd; FFS represents a free-form surface, YTO a 
cylindrical surface having a refracting power only in 
the meridional section, and AL an aspherical surface. 
A surface with M represents a reflective surface and 
the refractive index nd for d-line thereof is given an 
opposite sign. Table 1 to Table 8 present the 
numerical data obtained by the backward tracing from 
the eye to the liquid crystal display and to the 
illumination light source. The signs are determined so 
that a sign is positive when the principal rays travel 
from left to right and a sign negative in the opposite 
traveling direction. 

The defining equation of FFS (free- form surface) 
is as follows (in a coordinate system at a vertex of 
each surface) . 



z=l/2*(l/a+l^)*(y2*cos(c)2+x2)/cos (c)/(l+l/2* (1/a-l/b) *y*sin(c) + (l+(l/a 
-1/b) *y*sm (c) - (l/a^+l/4*tan (c) 2* (l/a^-l^) 2) *x2) (1/2) ) 
-K:20*x2+cl 1 *x*y-f c02*y2 
+c30*x3+c21* +c03*y3 

-K:4 0*x4+c3 1 *x3 *y-K:22*x2*y24c 1 3 *x*y3 -K:04 *y4 

+c5 0*x5+c4 1 *x4*y+c32*x3 *y2-+c23 *x2*y3-K: 1 4*x*y 4+c05 *y 5 

4c60*x6+c51*x5*y+c42*x4*y2H^33*x3*y34^24*x2*y44^15*x*y5+c06*y^ 

Coefficients a, b, c, c20 , cll, c02».. are coefficients 
of free-form surface. (Note: in the case of this 
definition of the free-form surface, the free-form 
surface coefficients also include coefficients 
associated with the paraxial region, and thus the 
values of the meridional-section-curvature radius ry 
and sagittal-section-curvature radius rx on the 
general -paraxial axis do not agree with the actual 
meridional- section-curvature radius ry and sagittal- 
sectional-curvature radius rx on the vertex. 
Therefore, there are also provided the actual 
meridional-section-curvature radius ry and sagittal- 
section-curvature radius rx on the point (0, 0), i.e., 
on the vertex.) 

As for the defining equation of YTO, the 
meridional section is expressed by the following 
aspherical surface equation (in the vertex coordinate 
system of each surface) : 

z = ^ — 

1+ SQRT(1-(1+k)y2/ry2) 

+by^+cy«+dy®+ey''» 



and the sagittal section is a plane (rx = »). 

The defining equation of AL is given by the 
following equation for rotationally symmetric, 
aspherical surfaces (in the vertex coordinate system of 
each surface) . 

hVr 

2 = 

1+ SQRT(1-(1+k)hVr^) 

where = + , r=rx = ry. 

Under the section of ( local-paraxial axis) there 
are provided columns of local curvature radii local -ry 
and local-rx, local surface spacing local-d (with an 
opposite sign for a reflective surface), local focal 
lengths local-fy and local-fx, and refractive index nd 
of each surface (with an opposite sign for a reflective 
surface). There are also presented coordinates of a 
hit point on each surface (with a vertex at 0, 0), 
total local focal lengths of the display optical 
system, angles of view, and local focal lengths of the 
optical surface A of the illumination optical system. 

Further, Table 1 to Table 5 includes after the 
section of (local-paraxial axis) a table of local 
paraxial ray <FOV: Wy = -10.59 deg Wx = 0 deg> in the 
last part to present columns of local curvature radii 
local-ry, local-rx, local surface spacing local-d (with 
an opposite sign for a reflective surface), local focal 
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lengths local-fy, local-fx, refractive index nd of each 
surface (with an opposite sign for a reflective 
surface), coordinates of a hit point on each surface 
(with a vertex at 0, 0), and total local focal lengths 
of the display optical system, on a hit point between 
each surface and the ray passing the center of the eye 
and the outermost image F3 of LCD (on the lower side or 
on the far side from the eye, FOV: Wy = -10.59 deg Wx = 
0 deg) on the local meridional section of LCD, 
different from a hit point between the reference ray 
and each surface. In this case the numerical data and 
calculated values were obtained by substituting the 
reference ray on the local paraxial axis into the ray 
passing the center of the eye and the LCD outermost 
image F3 (on the lower side). 
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Fig. 9 is an explanatory diagram to illustrate a 
configuration of a head mounted display of the 
binocular type in which a pair of image display 
apparatus S in each embodiment of the present invention 
are provided for the left and right eyes of the 
observer SA. 

In the present invention an image observation 
system capable of implementing stereoscopic vision can 
be constructed, for example, by use of binocular 
parallax for images displayed on the display elements . 

It is a matter of course that the head mounted 
display does not have to be equipped with the image 
display devices for the two eyes but it may be a 
monocular HMD provided with only one unit for either of 
the left and right eyes . 

The present invention can realize the image 
observation apparatus enabling the observer to observe 
the image information with good image quality in the 
compact structure of the entire apparatus and in 
reduced loss of light amount by properly setting the 
structure of the illumination optical system from the 
light source means to the display means and the display 
optical system for guiding the light from the display 
means to the observer's eye in observation of the image 
information displayed on the display means such as the 
liquid crystal display or the like as described above, 
and also realize the head mounted displays using it. 
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Particularly, the present invention can provide 
the HMD with the reflective LCD reducing loss of light 
amount from the illumination light source, presenting 
the image quality in adequate contrast, and permitting 
construction of the compact illumination optical system 
and display optical system* 



